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continuous power have been generated at millimeter wavelengths. In this report we investigate the
possibility of applying similar design principles to the development of solid-state gyrotron,

In this report we review the physical mechanism that gives rise to osciations and present the
underlying mathematics. Numerous nonideal factors are considered; namely, a finite electron mean-
free-path, injection of electrons which are not monoenergetic, metallic and dielectric ohmic losses in
the resonant cavity, and presence of a finite electric field in the interaction region. Use of a reverse-
biased Schottky tunnel barrier for electron injection is analyzed in detail and is found to be a
promising structure for producing sufficient current to sustain oscillations. Calculations are based on
InSb parameters, as this material appears best for this application because of its long mean-free path.
The main conclusions of this study are that (a) with available materials it is unlikely that oscillations
can be sustained and (b) with three- to fivefold increase in the mean-free-path, oscillations appear
possible, albeit at a very high frequency (- 1000 GHz).
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PHYSICAL LIMITATIONS AND DESIGN CRITERIA FOR A
SOLID STATE GYROTRON

INTRODUCTION

In a recent publication [11 the basic operating principles and a mathematical analysis of a new type
of solid state source-the solid state gyrotron or cyclotron maser-were presented. In this device the
energy to sustain oscillations is derived from a gyrating electron beam in a manner similar to the highly
successful gyrotron tube [2]. In order that energy be transferred from the electron beam to the elec-
tromagnetic fields, a mechanism for bunching the electrons must exist. Unlike the gyrotron tube,
which relies on relativistic effects to accomplish the bunching, the solid state version relies on the non-
parabolic conduction band of certain semiconductors, e.g., InSb. The frequency of operation depends
on the ratio of magnetic bias field to the effective electron mass ml, For InSb, m * is nearly two orders
of magnitude less than the free electron mass, so that operation at high frequencies is possible with
only moderate applied fields. For example, a 5-kOe field will produce oscillations at 1000 GHz in the
fundamental cyclotron mode.

A proposed solid state gyrotron geometry is shown in Fig. 1. It consists of a metallized cylindrical
piece of indium antimonide (lnSb) which forms a high-Q electromagnetic cavity. Electrons are injected
into the semiconductor via a Schottky barrier. A shallow implanted layer is used to achieve the proper
current characteristics. A nonaxial magnetic bias field is also provided.t

Metallized
Surfaces

InSb

- Coupling
Iris

Gap for DC
isolation

Ion-Implanted
Region

Fig. I - Solid state gyrotron

Manuscript submitted April 16, 1980.

tDetailed calculations have been carried out only for an axial magnetic bias field and a nonaxially injected electron beam. The
Fig. I geometry is simpler to implement and the mathematical results for this case are expected to be similar to the axial bias
case.
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GANGULY AND WEBB

The following section reviews the physical mechanism giving rise to the oscillations and also gives
the principal results of Ref. 1. The next two sections examine basic physical limitations on solid state
gyrotron performance imposed by present materials and fabrication technology. Characteristics of elec-
tron injection by a Schottky barrier are discussed in the fifth section.

LINEAR THEORY

Physical Mechanism

The effective mass of an electron in the lowest conduction band in InSb is given by (11

[ 2 l_~~/2m * _ mj [ VI ~i in0 {i}(

where V is the velocity of the electron, mj the effective mass at the bottom of the band, and V. -
(Eg12 mj)P 2, where E. is the bandgap. The electron cyclotron maser instability occurs because the
cyclotron frequency H = eSdlmn (= eBo/ymv = Qo%/) depends on the energy of the electrons. Phy-
sical insight into the mechanism of this instability may be gained by considering the particle trajectories
L513 stowtt U1. mS Za dIIU 5U. CLLetrUtn ISjLeCUted ats ai ILngle to a UlIOrml ttu an ns1 itantlwriet, fielu
B0 ez move in helical trajectories. Figure 2a is a projection of these trajectories on the ?k, iy plane.
Initially, the electrons are uniformly distributed along a cyclotron orbit. The initial radius of the elec-
tron orbit is the Larmor radius

rOL j v0 /( 0/y0 O) where yo= V4- V 12 2

vYo and vo, being the initial perpendicular and parallel velocity components. A small-amplitude RF
electric field Ey(t) -= E0 cos wot will slightly perturb the orbits. We first examine the case when
cuo= 0 0 /yo. The rate of change of the particle energy is dW/bdt - evlEy (t). With the initial choice
of field direction shown in Fig. 2a, the particles in the upper half-plane lose energy. Since y decreases,
the cyclotron frequency fl = flo/y of these particles increases and the Larrnor radius rL - vLjfl
decreases. The particles spiral inward and their phase tends to slip ahead of the wave. On the other
hand, the particles in the lower half-plane gain energy. Their cyclotron frequency decreases and they
spiral outward. The phases of these particles slip behind the wave. After a number of gyro orbits, the
particles become bunched in the upper half-plane. If wo is slightly greater than ft0/ 70 , then & net
decrease in the energy of the electrons is obtained. When wa > fla/y, the electrons on the average
traverse a coordinate space angle less than 2nr in a wave period 27r/wua. All the particles then slip behind
the wave and become bunched in the upper half-plane as shown in Fig. 2b. As the net kinetic energy
of the particles decreases, the amplitude of the RF field increases due to conservation of energy.
Depending on the initial beam parameters, the group of bunched electrons may continue to slip behind
the wave or initially slip behind, reverse itself, and begin to oscillate about the positive taxis. In any
case, the bunched particles will eventually appear in the lower half-plane. The particles then gain
energy and the wave amplitude decreases. The electrons have to be taken out of the cavity before this
happens.

A nonlinear analysis [41 of the electron trajectories in an 'empty' cavity shows that appreciable
electron bunching occurs after the electrons traverse about 10 gyro orbits. In InSb at 77 K, me - .014
me (me free electron mass) and Vg 1.3 x 106 mis. For electron velocity of the order of 10 m/s,
the Larmor radius (rL - vi]fl) and the pitch of the spiral trajectories (Xc - 2ir v,/fl are of the order
of 0.1 and 1 mm, respectively, for a magnetic field Ho 5 kOe (flo/2ir 1000 GHz}. Hence, a length
of the order of 10u m is required for electron bunching in InSb.

So far we have assumed that the electrons suffer no collisions in their trajectories. However, in
solids collision is a serious obstacle to the phase bunching needed to obtain coherent radiation. The
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Fig. 2 -The mechanism responsible for the electron cyclotron maser illustrated by orbits
of test particles in velocity space in the presence of a smnall external field: (a) Initial parfi-
cle positions, (b) Bunched particles after several cycles [31

electrons will remain in orbit for a distance close to the mean-free path B. Conditions for cyclotron-
maser interaction rapidly deteriorate when the interaction length goes much beyond B. In this regard, a
solid state cyclotron maser in the cavity configuration is expected to offer an advantage over a
waveguide configuration because the cavity configuration requires a shorter interaction length. In the
waveguide case, the beam interacts with an electromagnetic wave that grows from the noise or near-
noise level, whereas in the cavity the beam interacts with a large-amplitude standing wavei which has
been built up and stored in the cavity. As a result, the interaction is much stronger in the latter case
and the interaction length required for the beam to lose the same amount energy becomes shorter.
From the discussion in the previous paragraph, it is apparent that I in InSb should not be less than 10
Am for efficient interaction at 1000 GHz, varying inversely as the frequency.

Beam Power Gain and Threshold Power

The time-average power gain P for all the electrons in a cylindrical cavity (radius R and length L)
was obtained in Ref. I from a linear theory by solving the Vlasov equation while collisions were treated
in an approximate way. For a monoenergetic beam of electrons with guiding centers distributed uni-
formly on a cylinder of radius ro, P is given by

N L e2E I

I 1~~~~~~~~~~0

p = . (alI + a2 + a3 + a4), (2)
8 rnjyow

where N is the number of electrons per unit length, Echo is the amplitude of the cavity field, and

= 1 (k 2 + kZ2)

the frequency of TEO,, modes. k, is given by the nth nonvanishing root of J, (k,tR) = 0 and
k, = mirlL, A is the permeability, and e the dielectric constant. co = (Aoe-112 is the velocity of light
in vacuum. The quantities a, are given by

40fk,,ro kerL) 1st0 |L }2 N+ % , '.A N- v )-M(4) 4N(

2A A6

+ Q I (kr, ,) (b-kvi) (A 3
Fi.2ATemcans epnil fzorteeetocylrnmarilurtdbyris
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and
HI (krOk __) P___m__ k~L%'A N(A')
Hdk ~ ~ -ro.k^r [N N(A') + M(A) r | #2 1[AG ~~~A A; 2

Gn - kv2 G) L (M(A') - Is (4Fl

with

M(X) - fx(I - e-i cos x) - (LIX) egLit sin XItX 2 + LV2/J (5*
(1x - L11 Gx(-Llt)

N(x) -Re [ (x ILIAP + x+ eL (6)

1'-2k 2L tl-e ')I /(4 k2L2 + L2fl.
ac3 and a4 are, respectively, obtained from aI and a 2 with the following substitutions

A - - A

A,- - A.

In Eqs. (3) through (7), we have used the following notation:

PLO V10, Azof- vZO/Ca, g 1 v./CO

yo -11 - (L20 + '3z0 2j-1/2

A 0 - (W 2
- Kz2j3I 2C>L) 2 /V2/

A o Kzvo- flo/yo)L/vO,

A'' (rG + K.zv2 - fl0/O)tvL/vZO.

The functions Hj(atad) and Q1(aOaL) in Eqs. (3) and (4) are defined by

H*(aoad) = L (ad) J(ao)}2

Q1(a,,ad) = 2H (aoad) + aJTi (at) Jj (at) Jd (a) (8)

+ - aLJi (at) lo (a)Jo (aL) - J2 (ao)J (ad))

The modification in a when the beam is not monoenergetic will be discussed in the fourth section.

From the conservation of total energy, the rate of increase of the stored electromagnetic energy
Wf in the cavity is equal to the rate of loss of the electron beam energy. Thus,

A I
a r vj-

N2 a 
- rR * R2 n 2y70 JJ(knR) (9

where

Wf - 'R2LE Jj2 (k 4R) El (10*

For the Perturbation theory to be valid, the quantity J = -Ne 2a1/2rR2 EfMl V, WJJ (&-R} should he
less than 1. This condition sets an upper limit on the value of N.

4
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A plot of C a > as a function of J - Jy for different values of L/] is shown in Fig. 3. The
dimensionless quantities f and fH are defined, respectively, by

-_ 1 wR

2wr co

and

_H I o R
fH= 2w yo co

The wave amplitude increases when e _ > is negative; a becomes negative for f - /H in the range
0 < f- fH < 0.015. The maximum negative value of < a > occurs around f-fH 7 0.0055. The
magnitude of < a > decreases rapidly with increase in LIJ.

8X
6

4

' 2
C

Fig. 3 - Gain a vs synchronism parameter L _2.0
(7?-.7h) for n-rm- 1, o OA4, o - 1..1, L/R 2 1.0
- 0.1; 8. oIi 0 - I-SI and four different vArues of u -4
Lli. The relative dielectric constant is 17.7. L 0.

-6

-8 

A general requirement for oscillations in a cavity of finite Q is given by

WAf2 P > -. 0510
The kinetic energy Wb of the electrons in the conduction band may be written as [11

FFg Yo - IL1) V f~- (i2)

and the electron beam power Pb in the crystal is

Pa = N(yo - 1 MOY2VO'. (13)

From Eqs. (2), (11), and (13), the threshold beam power Plj

prM, ad I vo(voPh3 0 I dJo(kR) 4irem cO
Pb CO ~~aQ 2e 2 (14)

where a = al + a2 + a3 + a 4. In Fig. 4, QPFr' is plotted as a function of the electron kinetic energy in
the crystal Wb = (yo - 1) m c2/83 for cyclotron frequency fl /y corresponding to the maximum beam
power loss. The threshold power increases rapidly with increase in LII The contribution to Q from
various loss mechanisms will be discussed in on page 7.

The gain in energy of the cavity fields is derived from the energy of the electrons associated with
their motion transverse to the direction of the applied magnetic field. This exchange of energy may be

5 .
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Fuo_ LA!

20 4; 60 so too 120

Etectron Energy W[, (m*V

Fig. 4 - Dependence of the oscillation threshold on the electron
kinetic energy Fig for four values of L1t. Values assumned for
other parameters are fla = 0.48, LIR = .1, To- .1, and

PIO/Aza - 1.5.

explained from another point of view. In a magnetic field the energy of the transverse motion W6 of
the electrons is quantized into Landau levels with W5 I(S + 1/2) Xil a/y, S being an integer. The
separation between levels slowly decreases with increasing energy. The electrons are initially injected at
an energy level with large S (typically S 20 and fl 0 /y 0 5 meV). If w > U dye, then there is a
net downward transition of electrons due to the coupling of the electrons and the cavity fields, The
electrons undergo a succession of downward transitions with AS = I and emit radiation.

The electrons may also lose energy by other scattering mechanisms. Three other principal scatter-
ing processes at tow temperature (T • 77 K) and low electron densities (no - i013 /cm3 ) are longitudi-
nal optic phonon scattering, charged impurity scattering, and electron-electron collisions. Longitudinal
optic phonon energy in InSb is about 24 meV. Electron-phonon interaction will involve transitions with
AS 5. The transition probabilities for these three scattering mechanisms are smaller than that due to
the electron-radiation interaction. Hence the loss of transverse energy of the electrons from these three
scattering mechanisms is not expected to be appreciable. The longitudinal motion of the electrons will,
however, be seriously affected by these collision processes and considerations of a finite mean-free path
become important. Let rph, Tr, and Te denote, respectively, the mean collision time for the three
scattering processes. The resultant collision time r is given by rT = i;I + r7' + t Expressions
for To, ri, and mE as functions of temperature, impurity concentration ND, and electron concentration
are available in the reference literature [51. At T = 77 K and ND = n = 1013/mcml calculated values of
Tph and rA are, respectively, 9.3 x 1012 s and 1.06 x I-O' s. Te is of the order of 1t07 s. Thus, for
this impurity concentration, optic phonon scattering dominates at T = 77 K. The experimental value
of r is found to be ; 6 x 10-12 s, the mean-free path is I - veT 3 Am. As the temperature is
decreased T

h increases but Tr decreases. For this case, the resultant r attains a maximum near T - 32
K. In general, an improved value of £ may be obtained by using highly pure InSb samples and operat-
ing at low temperatures. Finally, it should be noted that the above mean-free-path calculations strictly
apply to only small deviations from thermal equilibrium. In the present solid-state gyrotron
configuration, 'hotM electrons in approximately a Gaussian distribution with a maximum at an energy
W,, >> T are injected into the InSb sample. The mean-free path of these hot electrons might be
expected to be somewhat different from that of thermal electrons. Thus the above calculations should
be considered only as a guide to what could be obtained experimentally for a solid-state gyrotron.

6
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PROPERTIES OF THE ELECTROMAGNETIC CAVITY

Quality Factor

To sustain nocillatinns the electrnn beam must supolv sufficient power to overcome all sources of
loss for the cavity. As was noted in Eq. (11}, the threshold beam current is in fact inversely propor-
tional to the loaded Q ( = QL) of the cavity. In this section the important loss factors will be examined.

For a dielectric loaded cavity QL is given by the expression

I = I+ I +1 (15)

QL Qe Qf Qe'

where Qd accounts for losses in the dielectric material, Q, for conductor losses in the cavity sidewalls
and endwalls, and Qe for coupling losses to the external circuitry.

For a TEOI mode cylindrical cavity, Q, is given by [6]

[3.82 + [, 2L11 /

X|Ad | 13.82 + I * 1 | Db 1 (16)

In this expression S is the electromagnetic skin depth, Ad the wavelength in the dielectric medium, and
D and L are the cavity diameter and length, respectively. A large-diameter cavity should be used to
maximize the output power; i.e., DIL >> 1. With this approximation Eq. (16) reduces to

Qc(Bkd) = 1/4. (17)

With assumed values of constants appropriate for a copper-clad InSb resonator at 77 K

(pcu- 0.16 x 10-6 l - cm, c, - 17.7),

X, g-- x X0 l/2, J-.(1 8)

Qd is given simply by the quotient of real and imaginary portions of the dielectric constant, i.e.,

Qd - aL ' (19)
where or is the AC conductivity. In the presence of a DC magnetic bias field,(T + a~(20)

1 + Go - WH)T?2 20

Here, acn is the DC conductivity ( n e uk a,)tn iR the cvelntrnn re.cnnnlnrP frenilpnru nf thp
ground electrons and rc is the cyclotron relaxation time. From Eqs. (19) and (20),

Qud f | n e t [1 + ( o422r12].)

If standard values for high-purity InSb (see Table 1) are used and if o/27r is assumed to be 1000 GHz,
the coefficient of the bracketed term is only 10. However, because the effective mass of the back-
ground electrons is different from that of the injected electrons, the dielectric Q can still be very large.
For examnle. with r- = 10-'O s 18]; a = 2r X I012 s and y = 1.1, then Qd = lo 4 Thus 0 » 'm

___ ____ ~~~~~~~~~~~~~~~~~~~~~Il ce,

7
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Table I - Properties of High-purity InSb at 77 K

Characte[sti - YValue Reference

nn1Zc;cvv mas;, mO UInVa me 

Biandgap, 1 0.25 eV 5

Mobglity, p 1.25 x eV6 (n 8 x lok> 5

7 x10 5 (no-1.x 101.) g

Relative dielectric constant, e 17. t I 7 I

Qe can be made as large as desired by adjusting the coupling iris size. Fairly weak coupling is
A sired ftor m}inimlum. thresho" but it -must t.Jes- e~ ag tu _e ___l~te e tuhe vWttSeWX U flfl , U11V1L1IL fLMIVIU-, UL.L LL LWL UVC Ot11LtU.t1tyl I41br LU LUIJUW UptLJt'iGtV1 PU'WVt LU CuLP
put circuitry.

Thus, metallic losses in the cavity walls dominate all other sources of loss. With careful polishing
of the InSb sample and use of a high-purity copper conductor, loaded Us ; 500 should be achievable at
1000 GHz.

Mode Density

it was noted previously that a large value of D/L is desirable to maximize the power output. This
ratio cannot be increased without limit, however, since unwanted modes appear within the passband,
which can result in spurious oscillations and in general a degraded spectral output. The resonant fre-
quency of a cylindrical cavity is given by the expression [61

Cd | 2 + [t t f 11' (221

where n is an integer, X1,,, is the mnth root of J, x - 0 for TE modes, and the m th root of J, (4 0
for TM modes. Cd iS the electromagnetic wave velocity in the dielectric medium. Table 2 indicates the
normalized resonance frequency fR/flf fQ - c4/2L for two values of LIR. Note that for L/R - 0t
and Q = 500, only one mode other than the desired TEo1 mode will occur within the cavity passband.
When the cavity radius is doubled, i.e., L/R - 0.05, the TE2 11 and TE313 modes also appear within the
TEO1 1 passband. All modes have approximately the same Q, but some mode selectivity is possible
through proper location of the coupling iris. A further reduction in LIR will result in a very crowded
modal spectrum within the TEO, passband; thus it is desirable to maintain LIK > 0.05 to assure a
clean response.

ELECTRON BEAM REQUIREMENTS

Threshold Current Density

The current density necessary to sustain oscillations can be determined from the threshold condi-
tion (Eq. (1 1). For n - 1 and R/L >> I this expression may be written

NQL > 2w3 |R (kR) '2 a (23)

8
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Table 2 - Mode Density of a Cylindrical Cavity
Normalized Resonant Frequency, fR/fo

| Mode I LIR - 0.1 L/R = 0.05|

TEIII 1.0017 1.0004

TEO,, I1.0029 1.0007

TE21 1 1.0047 1.0012

TE, 11,. TEnI 1.0074 1.0019

TE3;1 ;1.0089 1.0022

TM211 1.0133 1.0033

TE411 1.0142 1.0036

TE,21 1.0143 1.0036

TMo21 1.0153 1.0039

TM 31 1 1.0204 1.0051

TEc, l1.0206 1.00$2

TE211 1.0225 1.0057

TM 121 TE 02 1 1.0246 1.0068

With use of values appropriate for a TEOI cavity and material constants for InSb given in Table 1, the
threshold condition simplifies to

"TIQL P (c _ I -i- per cm .

The line density Ncan be converted to a volume charge density n by

N
-n-

where , is the fraction of the cavity endwall covered by the injected beam. The current density J is
given by

(25,

(25)

J = ne vo,

Examination of the expressions for the driving terms of the oscillation
filling factor obtainable is 20%. Combining Eqs. (23) through (26)
lead to the following expression for the oscillation threshold:

(26)

[1] shows that the maximum
and using this approximation

r. ' (i i Y 1n-a) VOL UYoerh %.-, - AV so L2QL a fz7)(.j 1\

For the LlA = 0 case shown in Fig. 3, J is only 0.034 A/cm2 . However, this is a low electron energy
case (Wt - 12 meV). The threshold increases rapidly with increasing electron energy, decreasing
mean-free path (see Fig. 4), and with energy spread, to be discussed in the next section.

Thermal Spread

The beam power gain P in Eq. (2) is derived for a monoenergetic beam of electrons injected at a
constant angle to the uniform magnetic fied. ln any practical njci thr ma be a spread-_ both energyandangle. ..- shown in.Pi. (2), depes LJIU1 i lIoictacr Lulc b p yein both energy and angle. As shown in Fig. (2), P depends sensitively on the factor (a + k,,v7 - (1 a/v.

9
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A spread in the initial values of v2 and v1 will alter the beam power gain. The linear theory can be gen-
eralized to include any arbitrary electron distribution function in the momentum space. Numerical cal-
culations are considerably simplified in the following two cases: (a) spread in the magnitude of the
velocity but not in angle, and (b) spread in the angle but not in the magnitude of the velocity Case (a)
is appropriate for the injection scheme to be discussed in the following section. in this schemie, the ifli-
tial distribution of energy is approximately Gaussian, so we assume an initial momentum space distribu-
tion function fA() of the form

fo(@) = C epi+pP2_3 )/A2 ap (2&l

P1

where d no ±+ dA P''-tO/PzQ, and A is the half-width. The constant C is to be determined by the
normalizing condition

A fl 2ir p1 dp 1. (291

For this distribution function, the beam power gain. P and the threshold beam power P6 to sustain
oscillations are, respectively, found to be

Ne 2 L EJl eo[ __ ________
IP et 2 IX T° Ea 1 Q3t), e- 1/2 df
myw ow v ) -2 292 - 2f1

Ne2L El
8m;' Yob 

and

-_ -<lR 4iremO2 cv#,kld (, ((X.)- 1)() . _ e d.L..7 (311
I I 2e 2 <aC,>In -fo 2

where

a - S2 /p& a Wb WID,

WO - (Yo- 1) *mv

T.= I _ . _

V91~~~~~~~~~~~~~~~~~~(2
:.- ' -u-- (I + fe)1/2, (32)

VY (6)

and ct i's are obtained from Eqs. (3)-(7), replacing /31 and J30 by /3@(f and #3J0. respectively. The
integrations in Eqs. (30) and (31) are to be performed numerically. The values of < a > as a function
of the parameter f - f 1 are shown in Fig. 5 for different values of A Wf/ W60. < a > decreases rapidly
with increases in thermal spread and the value of f-7fH corresponding to the maximum negative value
of <C a > shifts to higher values (i.e., smaller magnetic fields at a given frequency). The decrease in
- _. _. .lt s *t. .t...LA l ... A [VI [V ;nrangT1r, r r4 %Annsn [n tZoC A ,u>ara )P~th l4e< £1 > wui ll ICMac ux1 tikIi;StUU pvwUi as A rr f rurb IncreatsesG, * 3 Oa.WYkt * _ y C

plotted as a function of W&C0 for different values of A WI W&. The threshold current density (Eq. (27)1
is shown in Fig. 7 for this same case.
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10

Fig. 7 - Threshold current density as a function of
kinetic energy W6o. Paramettrs are the same as in

o - / Figs. 5 and 6.
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ELECTRON INJECTION VIA SCHOTTKY BARRIERS

Introduction

In the tube gyrotron, electrons are injected into the interaction region in an annular beam from a
specially designed electron gun. This is not an attractive approach for the solid-state gyrotron because
of its complexity, as electrons must be injected in a vacuum at 77 K in the presence of a DC magnetic
field. A more fundamental reason for not employing electron gun injection is that when electrons are
injected into the conduction band of a semiconductor from vacuum they gain an amount of energy
equivalent to the semiconductor's electron affinity, which for InSb is 4 eV. Since the bandgap is
only 0.24 eV, the electrons will immediately thermalize by exciting electron-hole pairs. It will thus be
impossible to maintain a proper electron energy distribution for sustaining oscillations. This problem
can be circumvented only if the InSb surface can be treated in such a way as to reduce the electron
affinity to near zero. Such techniques have been reported for GaAs but not for InSb 191.

A solid state electron injection approach is thus preferable. This approach must be capable of pro-
viding current density of > 1 A/cm2 with an energy spread of < 20 meY. The dependence of thres-
hold upon the thermal spread inherent in the injection process was discussed in the previous section, A
further restriction on the injection geometry is that only small electric fields can be tolerated within the
interaction region. In particular an electric field E will result in an energy spread A W& if the interaction
region is one mean-free-path long, where

A W = l. (33)

Thus A Wb < 10 meY requires E < 10 V/cm for I - 10 Gn. This consideration alone is sufficient to
rule out Read-diode and simple ohmic injection.

The ideal injecting structure is indicated in Fig. S. The electrons are injected by a metal electrode,
accelerated in a high-field region, and interact with the cavity fields within the distance I where no elec-
tric field is present.
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Fig. 8 - Ideal solid-state injection geometry
and electric field profile

This can be approximated by a Schottky tunnel barrier configuration, as is shown in Fig. 9. It
consists of an intrinsic, high-mobility semiconductor which has a shallow implanted or epitaxial region.
Electrons are injected into the interaction region 2 by tunneling through the Schottky barrier. The i -
region is not depleted; hence, E = 0 within the interaction region as required. The electron velocity
distribution is determined by the carrier concentration within the n region and by the applied bias vol-
tage, as discussed in the following section.

Schottkty Barrier
Injecting Electrode

a.e
v

'Ois
._E

v

z

Fig. 9 - Schottky barrier injection geometry and electric field profile

Analysis

A number of excellent analyses of tunneling currents through Schottky barriers have been
reported [10,111. We will follow the work of Crowell and Rideout [111, since their approach is fairly
simple to employ and is applicable to the low doping levels which we require. Padovani and Stratton
[101 employ a similar approach, but their work is more applicable to high doping densities. Starting
with the one-dimensional, time-independent WKB transmission probability through a barrier, Crowell
and Rideout show that the normalized forward current density, if through a Schottky barrier, is

-Eb + ,kT S (a Eb

13E00 da+e UT (34)If E6fek
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where

a= =IE&

Y(a) = (1 - a)1/2 - a In [1 + O -")II,]
a

4. = 4*T2 e-q-*/kT
t/2

E0=eh n o 
eb4X m*E I

In these expressions, A* = Richardson constant, E = electron energy, Et - band bending at the
semiconductor-metal interface, and qA, is the Fermi energy in the semiconductor, These quantities are
illustrated in Fig. 10. The reverse current density I, is related to the forward current density by,

where V i-eshVkT do d g

where rf is thie applied forward voltage.

Semiconductor

Fig. 10 - Potential energy vs distance For
carriers in a Forward-biased metal-
semiconductor (Schottky) barrier (after
Crowell and Rideout 1111)
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The two quantities of primary concern for the solid state gyrotron are the energy spread of the
electrons and the current density. The electron density is peaked about an energy Em, where

E-- Icosh w I . (36)
Eh kT 

For high doping densities kT/E 0 o • 1 (n > 101 6/cm3 for InSb at 77 K), field emission is dominant,
whereas for kT/E00 > 1, thermonic emission is dominant. The percentage energy spread can be calcu-
lated from the integrand of Eq. (34). It is a sensitive function of the properties of the semiconductor
and the applied bias voltage, ranging from less than 10% to more than 100%.

Crowell and Rideout 1111 show that the reverse-current density can be written as

1, : ma 1 A PT2 e-qakT e- k I (37)

The quantities 'ma/fm and n are given in Figs. 6 and 7 of Ref. 8 and are reproduced here in Figs. 11 and
12. The barrier height 4,b is 53 meV for InSb at 77 K, so Eq. (37) becomes

1, 3.4 [ lm, |ekT11" (38)

Calculations for some cases of interest are shown in Fig. 13. Current density and energy spread
are plotted as a function of frequency for lneb carrier densities of 1016 /cm3 j0' 5/cm3, and
cc 10"/cm3 (thermionic limit). A comparison of these curves with the threshold current curves (Fig.
7) shows that, for electron energies exceeding 60 meV for the n = 1015/cm3 case and 100 meV for the
thermonic limit case, the Schottky barrier can supply sufficient current to exceed the threshold.

EbfkT = 80

41 4~~~~~0

20

1- 

o L I I I111111 1_ 1 1 11111
.1 1.0 10 100

kT

C0a

Fig. 11 - Normalized apparent saturation current density vs AT/E00

for selected values of Eb/kT (after Crowell and Rideout ill)
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Fig. 12 - Diode n vs kT/E 00 for selected Fig. 13 Theoretical current density and energy spread as a function of
values of Eb/kT (after Crowelt and Rideout electron energy for a reverse-biased Au-lnSb Schottky barrier with
fill) setected carrier concentrations

In summary, the Schottky-barrier tunnel junction appears capable of supplying current densities
sufficiently large to sustain oscillations if the electron mean-free path is comparable to the cavity length.

SUMMARY AND CONCLUSIONS

A geometry for realizing solid-state gyrotron oscillation has been analyzed in detail. Cavity loss
mechanisms and electron beam requirements were examined. Previous theoretical work was modified
to include the effects of a thermal spread in electron energy upon the oscillation threshold. It was
shown that, by injecting electrons via a Schottky tunnel barrier, the current density would be sufficient
to sustain oscillations if the mean-free path is comparable to the cavity length.

Throughout this report it has been stressed that the key to realizing a successfully operating dev-
ice is a long mean-free path A . It was pointed out that I must be about 10i m long to obtain substan-
tial electron bunching and thus reasonable efficiency. Furthermore, the oscillation threshold increases
rapidly with decreasing I (Fig. 4). At the present time the maximum mean-free path reported in the
literature is about 3 Am (lnSb at 77 K). However, higher values do appear feasible [131. Considering
the uncertainties inherent in the analysis and the proximity of existing and projected materials proper-
ties to calculated requirements, an experimental feasibility program seems warranted.

Such an experimental program has been initiated at NRL. The first phase entails development of
the technologies required to fabricate the solid-state gyrotron structure. This includes ion-implantation
and Schottky-barrier development, technologies which are currently not well established for loSh. We
also plan to initiate a program to obtain higher purity samples of InSb, With progress in these areas we
will be in a position to initiate experiments to establish the viability of the solid-state gyrotron as a
submillimeter-wave source.
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